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Coupling of axion-like particles (ALPs) to photons in the presence of background magnetic field
affects propagation of γ-rays through magnetized environments. This results in modification in the
γ-ray spectra of sources in or behind galaxy clusters. We search for the ALP induced effects in
the Fermi/LAT and MAGIC telescope spectra of the radio galaxy NGC 1275 embedded in Perseus
galaxy cluster. We report an order-of-magnitude improved upper limit on the ALP-photon coupling
constant in the 0.1-10 neV mass range from non-detection of the ALP imprints on the γ-ray spectra.
The improved upper limit extends into the coupling range in which the ALP particles could form the
dark matter. We estimate the sensitivity improvements for the ALP search achievable with extension
of the measurements to lower and higher energies with e-ASTROGAM and CTA and show that the
γ-ray probe of ALPs with masses in 10−11 − 10−7 eV range will be have order-of-magnitude better
sensitivity compared to ground-based experiment IAXO.
I. INTRODUCTION
Axions or, more generally, Axion-Like Particles
(ALPs) are light weight particles appearing in a range
of quantum field theory models as pseudo-Nambu-
Goldstone bosons associated to the flat directions in
spontaneous breaking of approximate symmetries. Ax-
ions were first introduced in the context of QCD strong
CP problem [30, 38, 39]. The QCD axions are character-
ized by a specific relation between mass ma and photon-
coupling constant g. More general examples for which
the mass and coupling constant are not explicitly related
to each other arise in a range of beyond the Standard
Model theories (see e.g.[23] for a recent review). Being as-
sociated to spontaneous symmetry breaking, ALPs could
have been produced in the early Universe via ”misalign-
ment” mechanism at the epoch of the symmetry break-
ing. Such cosmologically produced ALPs could provide
sizable contribution to the dark matter (DM, see e.g.
[1, 31] and [17]). A generic necessary condition for the
misalignment mechanisms to yield sufficient amount of
DM imposes a mass-dependent limit on the axion cou-
pling to matter [8]
g < 10−12
[ ma
1 neV
]1/2
GeV−1. (1)
ALPs can be detected in astrophysical observations or
laboratory experiments via radiative decays and photon-
ALP oscillations in the presence of an (electro)magnetic
field (Primakoff process [32]; see also [33]). The non-
detection of two photons ALP decay line from DM-
dominated objects was used to constraint g for ALPs
with masses in the eV-keV range [34, 35]. ALP-photon
oscillations in the presence of magnetic fields are used in
direct-search experiments [9, 10, 21, 22, 37].
The same oscillation phenomenon is also expected
to produce features in spectra of astrophysical objects.
More specifically, photon-to-ALP conversion is expected
to lead to a detectable energy-dependent distortion of
the γ-ray spectra of sources in or behind galaxy clus-
ters [5, 11]. Intermittent photon-ALP-photon conver-
sion could produce an observable effect of longer-than-
expected propagation distance of very-high-energy γ-
rays coming from distant TeV sources [2, 25]. Non-
observation of ALP imprints on photon signals from as-
tronomical sources has been used to derive limits on the
axion coupling strength (see e.g. [2, 5, 11, 24, 26, 29] and
[12]).
In this paper we focus on the search of ALP imprints
on the γ-ray spectrum of the nearby bright active galac-
tic nucleus NGC 1275, which is embedded in the Perseus
galaxy cluster. Two γ-ray sources are found in this
nearby cluster: the central radio galaxy NGC 1275 [4, 5]
and head-tail radio galaxy IC 310 [6, 28]. We consider
only the signal from NGC 1275 because of its higher
statistics which leads to a better sensitivity to ALP ef-
fects.
Search for the imprint of the photon-ALP conversion
on the γ-ray spectrum of NGC 1275 has been previously
reported by Ajello et al. [5] based on the analysis of
the data of Fermi Large Area Telescope (Fermi/LAT).
Our analysis improves significantly the results of Ajello
et al. [5], since extends the analyzed energy range toward
higher energies, using both the Fermi/LAT data and the
data of ground-based γ-ray telescope MAGIC [4]. As it
will be shown below the combination of Fermi/LAT and
MAGIC spectral measurements provides a possibility to
search not only for irregularities of the γ-ray spectrum,
induced by the photon-ALP oscillations, but also for the
average step-like suppression of the source flux at high
energies.
In what follows we briefly summarize in Section II
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2the effects produced by photon-ALP oscillations in the
γ-ray spectra. In Section III we describe the com-
bined Fermi/LAT and MAGIC spectrum and explain the
method used for the modeling of the ALP effect on the
γ-ray spectrum. We discuss the improved constraints on
the ALP-photon coupling in the mass range between 0.1
and 10 neV in Section IV.
II. GAMMA-RAY-ALP CONVERSION IN
GALAXY CLUSTER ENVIRONMENT
The γ-ray-ALP conversion probability Pγ→a is a func-
tion of axion mass ma, coupling constant g and photon
energy E. It also depends on the properties of magnetic
field B through which γ-rays propagate.
The oscillations of the photon (Ax, Ay) and ALP a
fields propagating along the z direction are described by
the equation [20, 27]
(E − i∂z −M) ~A = 0 (2)
~A =
AxAy
a

where M is the mixing matrix
M =
 ∆11 ∆12 ∆aγcφ∆12 ∆22 ∆aγsφ
∆aγcφ ∆aγsφ ∆a
 (3)
with
∆11 = ∆‖c2φ + ∆⊥s
2
φ
∆22 = ∆‖s2φ + ∆⊥c
2
φ
∆12 = (∆‖ −∆⊥)sφcφ
∆‖ = ∆pl +
7
2
∆QED
∆⊥ = ∆pl + 2∆QED
The main contributions to the mixing matrix for the
range of parameters relevant to GeV-TeV photons prop-
agating through galaxy cluster environment come from
∆aγ =
gBT
2
≈ 1
70 kpc
[
g
10−12 GeV−1
] [
BT
10 µG
]
∆a = −m
2
a
2E
≈ − 1
133 kpc
[ m
1 neV
]2 [ E
10 GeV
]−1
while ∆pl and ∆QED are small and could be neglected
considering the GeV-TeV γ-ray propagation through the
galaxy cluster environment. Only the magnetic field com-
ponent BT transversal to the direction of photon/ALP
propagation is relevant. The transverse magnetic field
BT orientation in the xy plane is described by the cosine
cφ and sine sφ of the field inclination with respect to the
x axis.
If the magnetic field and plasma density do not vary
in space, Eq. 2 could be solved analytically. In this case
the expression for the probability of photon to ALP con-
version is [20]:
Pγ→a(s) ' (∆aγs)2 sin
2 ∆oscs
(∆oscs)2
(4)
∆2osc ' ∆2a + 4∆2aγ
where s is the propagation distance. The two contribu-
tions to ∆osc become equal at the energy
Ecr ' 2.5
[ ma
1 neV
]2 [ g
10−12 GeV−1
]−1 [
BT
10 µG
]−1
GeV
(5)
If the magnetic field varies on the distance scale δz
and the photon-ALP conversion probability P0 on this
distance scale is P0  1, the photon-ALP conversion
probability after the passage of the primary γ-ray beam
through N domains of size δz is [20]
Pγ→a ' 1
3
(1− exp(−3NP0/2)) (6)
It saturates at Pγ→a ' 1/3 in the limit NP0  1.
The conditions P0  1 and/or P0N  1 are not nec-
essarily met for the relevant range of photon energies E
and ALP parameters g,ma. In this case Eq. 2 has to be
solved numerically.
For this numerical solution, we consider Nsim = 1000
realizations of the cluster magnetic field which randomly
changes direction on the distance scale δz = 10 kpc.
Following Ajello et al. [5] we choose the magnetic field
strength in the cluster core to be B0 ' 15 µG and as-
sume the strength of the field to vary with together with
the electron density B ∝ n0.5e . The electron density pro-
file corresponds to one, derived from X-ray observations
[14]. This results in the field strength dependence on the
distance from the cluster center
B(r) =
{
B0 if r ≤ r0
B0 · (r/r0)−0.5 if r > r0 (7)
B0 = 15µG; r0 = 40 kpc
For each field realization we consider a range of ax-
ion’s masses ma = 10
−11..10−7 eV and coupling coupling
constants g = 10−14..10−9 GeV−1 to find Pγ→a(E). We
then model the observed spectrum as
F (E) = F0(E) · (1− Pγ→a(E)) (8)
where F0(E) is the reference spectral model of NGC 1275
Fermi/LAT + MAGIC time-average spectrum which
provide the best description of the data without the ac-
count of possible ALP effects.
Examples of (1−Pγ→a) curves for different values ofma
and g are shown in Fig. 1. One could see that the effect of
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FIG. 1. Absorption curves (1 − Pγ→a) for various (ma; g) parameters (indicated in the panel legend and corresponding to the
markers in the first panel of Fig. 4). Thick solid blue curves in each panel show the value of (1−Pγ→a) averaged over different
realizations of the magnetic field. Thin curves show the values of (1 − Pγ→a) for 5 randomly selected realizations. Dot-dashed
green curves illustrate 1-Pγ→a from Eq. 6 for characteristic magnetic field B = 8 µG, cluster size Nδz = 0.5 Mpc and magnetic
filed domain size δz = 10 kpc. See also Fig. 4 for the location of corresponding curves on exclusion plot.
photon-ALP conversion on the γ-ray signal has two char-
acteristic signatures. First, the conversion introduces an
overall flux suppression in the energy range E > Ecr.
This suppression is down to the factor 2/3 ' 0.66 for
high values of g, but it becomes weaker for small values
of g. In this regime P0  1 and ∆oscδz  1. In this case
P0 ' (∆aγδz)2 ' g
2B2T (δz)
2
4
(9)
The argument of the exponent in Eq. (6) becomes small
NP0  1 and an approximate expression for Pγ→a is
Pγ→a ' Ng
2B2T (δz)
2
8
(10)
' 0.1
[
Nδz
100 kpc
] [
δz
10 kpc
] [
g
10−12 GeV−1
]2 [
BT
10 µG
]2
If the quality of the spectral measurements in the GeV-
TeV band is at the 10% level, the 10% step-like flux sup-
pression of the type shown in Fig. 1 could be measured
and the ALP coupling values down to g ∼ 10−12 GeV−1
could be probed, provides that the intrinsic source spec-
trum is smooth enough to allow the detection of step-like
features.
The range of the ALP masses which could be probed
via the search of the step-like spectral features is limited
by the condition that the critical energy Ecr should be
well within the energy range of the measurements, which
is 100 MeV Ecr  1 TeV in our analysis. This defines
the mass range 0.1 neV ma  10 neV (see Eq. 5).
Another type of spectral distortions introduced by
photon-ALP conversion is the oscillatory behavior of the
spectrum. Such behavior is generically present in the
energy range around Ecr. Search for such oscillatory be-
havior was the focus of the analysis of Ajello et al. [5].
From Fig. 1 one could see that the strength of the os-
cillatory features diminishes with the decrease of g. The
amplitude of the oscillations drops below ∼ 10% around
the average curve for g . 10−11 GeV−1. This range of
g corresponds to the sensitivity limit of the analysis re-
ported by Ajello et al. [5].
Our analysis described below focuses on the search of
both oscillatory and step-wise modifications of the spec-
trum generated by photon-ALP conversion. Combining
the two signatures we can reach higher sensitivity, down
to g ∼ 10−12 GeV−1.
4III. DATA ANALYSIS
A. Fermi/LAT data analysis
Fermi/LAT data selected for the analysis presented in
this paper cover more than 9 years (Aug. 2008 to Sept.
2017). We use the latest available Fermi Science Tools
v10r0p5 with P8 R2 response functions (CLEAN photon
class)1.
The spectral features introduced by photon-ALP con-
version appear as deviations of the measured spectrum
from the smooth broadband intrinsic source spectrum,
which is typically described by a powerlaw with only
broad band features (breaks, cut-offs) reflecting the
specificity of the physical processes inside the source.
The highest sensitivity of the ALP search is achieved
if the intrinsic source spectrum is a powerlaw without
additional intrinsic spectral features which can mimic
some of photon-ALP signatures. The slope of the pow-
erlaw γ-ray spectra of AGN is known to vary with the
flux, with faster spectral variability occurring during flar-
ing periods. Such flare-related spectral variability might
introduce spectral features in the time-average spectra.
This might result in a reduced sensitivity for ALP search.
Taking this into account, we performed timing analysis
excluding flaring time intervals from the dataset. We ex-
tracted lightcurves of the sources in the 0.1 – 300 GeV
energy band and remove time bins with flux exceeding
the mean level at more than 2.5σ.
We performed the standard binned likelihood analy-
sis of a region around the source to extract the time-
averaged spectrum. The spectral analysis is based on
the fitting of the spatial / spectral model of the sky
region around the source of interest to the data. The
region-of-interest considered in the analysis is a cir-
cle of radius 18 degrees around the Perseus cluster.
The model of the region included all sources from the
3FGL catalogue as well as components for isotropic and
galactic diffuse emissions given by the standard spa-
tial/spectral templates iso P8R2 CLEAN V6 v06.txt and
gll iem v06.fits. The spectral template for each 3FGL
source in the region was selected according to the cat-
alogue model. The normalizations of the sources were
considered to be free parameters during the fitting proce-
dure. Following the recommendation of the Fermi/LAT
collaboration, we performed our analysis enabling energy
dispersion handling.
We performed the spectral analysis in a set of narrow
energy bins. In order to have significant photon statis-
tics in each of these bins as well as keep their width not
to exceed Fermi/LAT energy resolution we defined an
adaptive energy binning using the following prescription.
We required that each energy bin had to contain at least
100 photons in a circle of 1 deg radius around the source
1 See description of Fermi/LAT response functions
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FIG. 2. Combined Fermi/LAT (red) and MAGIC (blue) spec-
trum of NGC 1275 together with the best-fit broken power-
law model (black dash-dotted line). Green curve shows the
model with account of the effect of photon-ALP conversion
for ma = 9.6 · 10−9 eV, g = 4 · 10−12 GeV−1. Bottom panel
shows the fit residuals with respect to the broken powerlaw
spectral model and the difference between the broken pow-
erlaw model and the best-fit model which includes photon-
ALP conversion(green curve). Cyan dashed line illustrates
the best-fit log-parabola model. Note, that only statistical
errors are shown.
and the bin upper energy bound had to be at least 10%
of its lower energy bound. Such a choice resulted in the
energy binning following the instrument energy resolu-
tion up to . 10 GeV and in a coarser binning at higher
energies. Our analysis includes statistical errors as well
as systematic uncertainty at 3% flux level for energies
≤ 10 GeV and 5% above this energy2.
B. Broad band spectrum of NGC 1275
The combined Fermi/LAT and MAGIC spectrum of
NGC 1275 is shown in Fig. 2. MAGIC observation cam-
paign reported by Ahnen et al. [4] included long-term ex-
posure of the source over several years, so that the spec-
tral measurements represent, similarly to the Fermi/LAT
measurements, the time-averaged source spectrum. One
could see that the two spectra agree well in the overlap-
ping energy range.
The spectral measurements extend over four decades
in energy. We have verified that the log-parabola model
of the broadband spectrum considered by Ajello et al.
[5] could not fit the data over such broad energy range
(reduced χ2 of the fit is ∼ 157 (∼ 355 without account
for systematics) for 56 degrees of freedom). We therefore
2 See description of Fermi/LAT systematics
5considered an alternative broken powerlaw model
F0(E) ∝ E
α
[1 + (E/Ebr)κ]
(β+α)/κ
(11)
We find that the best-fit is provided by the broken pow-
erlaw model with break energy Ebr = 35 ± 15 GeV, the
low-energy slope α = −2.04 ± 0.02, high-energy slope
β = 3.9± 0.4 and κ = 1.1± 0.2. The best-fit χ2 value is
χ20 = 19.04 for 54 degrees of freedom (χ
2
0 = 44.46 with-
out account for systematics). We use the broken pow-
erlaw model as a reference model for the search of the
ALP-induced spectral features.
As it is discussed in the previous section, there are
two types of the spectral features induced by photon-
ALP conversion: the oscillatory behavior of the spectrum
and the overall suppression of the flux above Ecr. The
presence of the break in the broadband spectrum of NGC
1275 inevitably limits the sensitivity of the search for
the step-like suppression of the flux in the energy range
Ecr ∼ Ebr. A step-like flux change above Ecr could be
confused with a slight shift of Ebr in this case.
C. Constraints on ma, g
To search for the ALP-induced spectral features, we
re-fit the spectrum with model (see Eq. 8) using the func-
tion Pγ→a(E) calculated for different realizations of the
magnetic field and different values of the axion mass and
coupling constant. As a result, for each pair (ma; ga) we
obtain a distribution of Nsim = 1000 best-fit χ
2
a − χ20
values, where χ2a is the χ
2 value of the fit taking into
account photon-ALP conversion function Pγ→a(E). The
median value of this distribution is shown for each pair
ma, g in Fig. 3.
Addition of photon-ALP conversion effect could occa-
sionally improve the χ2 of the fit, compared to the model
without axion. This is illustrated in Fig. 2 where a fit
of the spectrum with the photon-ALP conversion effect
is shown for ma = 9.6 · 10−9 eV, g = 4 · 10−12 GeV−1.
Without account for systematic uncertainty the fit has
χ2a − χ20 = −7.35 which corresponds to an improvement
significant at ∼ 2.2σ level for the chance coincidence
probability for the fit improvement for nested models
with two added parameters.
Alternatively, addition of the photon-ALP conversion
effect worsens the fit, because it introduces oscillations
and/or the step-like change in the spectrum which is not
observed. In this case, the χ2 value of the fit grows. An
increase of the χ2 larger than by 6.2 corresponds to 2σ
level inconsistency of the model with the data.
However, the increase of the χ2 depends on the mag-
netic field realization. The inconsistency of the model
with the data might be at > 2σ level for some mag-
netic field realizations, but smaller for others. Since we
are considering a single source, we have to take into ac-
count the possibility that the magnetic field configura-
tion along the single line of sight might be peculiar so
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FIG. 3. The map of median values of χ20 − χ2a distribution
(over random realizations of magnetic field in the cluster) for
different ma, g. The range of parameters for which the pres-
ence of the photon-ALP conversion effect is inconsistent with
the data is delimited by white dashed line.
that the photon-ALP conversion effect on the spectrum
is diminished.
We therefore choose the following criterion of inconsis-
tency of the model with the photon-ALP conversion with
the data: the parameter pair (ma; ga) is excluded if the
increase of the χ2 of the fit is by more than 6.2 in 95%
of the realizations of magnetic field. The range of ma, g
parameters for which the presence of the photon-ALP
conversion effect is inconsistent with the data is delim-
ited by the white dashed line in Fig. 3.
The extent of the region of ma, g parameter space ex-
cluded by the data depends on the underlying model of
magnetic field in Perseus cluster. This model suffers from
uncertainties. For example, Faraday rotation data [36]
indicate that the central magnetic field strength might
reach 25 µG (compared to B0 = 15 µG with ∼ 10 µG
root mean square assumed in our reference model). The
magnetic field correlation length could only be estimated
at an order-of-magnitude level from the rotation measure
data. The overall extent of the magnetized region is also
not well constrained because of the lack of the data at
the outskirts of the cluster. Taking this into account,
we explore the dependence of the limits on ma, g on the
magnetic field model parameters. The result is shown in
Fig. 4. One could see that changes in the basic mag-
netic field model parameters could shift the boundaries
of exclusion region by a factor ' 2.
IV. DISCUSSION
A. Comparison with other limits on ma, g
Constraints on the ALP coupling g in the mass range
0.1 − 10 neV derived from the combined Fermi/LAT
and MAGIC data on NGC 1275 provide an order-of-
magnitude improvement compared to the previous anal-
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FIG. 4. Comparison of constraints on ma, g for different parameters of magnetic field. Left top panel shows the constraints
obtained for the reference model considered in the text. Dots mark the reference values of ma, g for which the Pγ→a curves
are shown in Fig. 1. Inclined lines correspond to Ecr = const. Top right panel shows modification of the constraints on ma, g
for different values of the magnetic field strength in the cluster core. Bottom left panel shows variations of the constraints for
different assumptions on the overall extent of the cluster magnetic field, while the bottom right panel shows the dependence of
the constraints on the magnetic field correlation length.
ysis based on Fermi/LAT data. This improvement is
resulted by the extended energy range of the data. This
results in a better constrained baseline spectral model
without the photon-ALP conversion effect. The better
constrained model has allowed the search for the step-like
suppression of the source flux above the critical energy, a
search method which provides better sensitivity for small
values of g, as explained in Section II.
One could also see from Fig. 5 that the sensitivity
of the γ-ray search of the photon-ALP conversion ef-
fect exceeds that of the direct search techniques in the
0.1−10 neV mass range by two orders of magnitude (com-
pared to CAST) [7]. In the same figure we show how the
measurement reported in this paper compares to the sen-
sitivity of the next-generation direct search experiments
ALPS-II and IAXO [18, 19].
In this respect, it is interesting to note that the im-
provement of the sensitivity provided by the combined
Fermi/LAT +MAGIC search is sufficient to probe the
range of ma, g parameter space in which the misalign-
ment mechanism could in principle result in production
of ALP DM [8]. Constraints on ALP dark matter mod-
els are shown by the green inclined line in Fig. 5. One
could see that the range of parameters excluded by the
Fermi/LAT +MAGIC search reaches the ALP DM re-
gion.
The left panel of the Fig. 5 illustrates also the limits on
ALP parameters from several indirect-search approaches
(non-observations of ALP effects in 1987A [29]; similar
to presented above analysis of X-ray data of NGC 1275
and M 87 [11, 24]).
The improved bound on the ALP-photon coupling also
excludes significant part of parameter space in which the
oscillation effect could result in higher transparency of
the Universe for very-high-energy γ-rays [26].
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FIG. 5. Comparison of limits on ma, g from current (left panel) and future (right panel) experiments and observations. Left:
blue-shaded region shows the constraint derived in the present work. Horizontal shaded region shows limits on ALP parameters
from CAST [7] experiment. Orange-shaded region shows the limit from non-observation of the ALP effects in SN 1987A [29].
Magenta shared region shows the constraint from non-observation of the photon-ALP conversion effect in X-rays in the signals
of NGC 1275 and M 87 [11, 24]). Brown dotted curve shows the parameter range in which photon-ALP conversion effects
could effectively increase transparency of the Universe to TeV photons [26]. Previous Fermi/LAT exclusion limit [5] is shown
by the blue dot-dashed line. Right: Grey shaded regions show existing constraints on ma, g (same as in the left panel). Brown
dotted line is the same as in the left panel. Horizontal hatched regions show the sensitivity of future (ALPS II [19], IAXO [18])
experiments. Blue solid curve shows the sensitivity achievable with joint e-ASTROGAM + Fermi/LAT + CTA observations
of Perseus cluster of galaxies. Cyan dash-dotted curve shows the sensitivity of ALP search with CTA based on increased
transparency of the Universe for TeV photons [25].
B. Estimate of sensitivity of ALP searches with
next-generation γ-ray telescopes
The sensitivity reach of the ALP search with
Fermi/LAT and MAGIC is limited by the available en-
ergy range. In particular, search for the step-like flux
suppression requires that Ecr lies well inside the energy
range of the measurements. The minimal detectable level
of the step-like suppression depends on the statistics of
the γ-ray signal. Extension of the energy range and in-
crease of the effective collection area provided by the
next-generation telescopes will result in the improvement
of the sensitivity of the ALP searches. These improve-
ments are illustrated in Fig. 5.
To estimate the improvement of the sensitivity of the
ALP search with next-generation telescopes we consider
the γ-ray signal from NGC 1275 detectable with e-
ASTROGAM and CTA.
e-ASTROGAM space-based γ-ray telescope is de-
signed for improvement of sensitivity in the energy range
below 100 MeV (compared to Fermi/LAT). It will be
sensitive in the energy range 0.03 – 3000 MeV [15, 16].
Assuming that the spectrum of NGC 1275 continues as
an E−2 type powerlaw toward energies E < 100 MeV, we
have simulated a 30 Msec observation of NGC 1275 with
e-ASTROGAM using publicly available e-ASTROGAM
effective area and background rates3. We have analyzed
the simulated e-ASTROGAM spectrum combined with
the Fermi/LAT spectrum using the same approach as
described in Section III to estimate the sensitivity reach
of e-ASTROGAM .
CTA [3, 13] is the next-generation ground-based γ-ray
observatory which will provide coverage of the energy
band 0.03 – 100 TeV. Assuming that the spectrum of
NGC 1275 measured by MAGIC Ahnen et al. [4] contin-
ues as a powerlaw toward higher energies, we consider
the signal which can be observed with CTA. We consider
the spectrum with 30 energy bins of equal width in log
scale and assume that the statistics of the signal below
1 TeV is high enough so that the signal is dominated by
10% systematic error. The sensitivity reach of CTA es-
timated with such an assumption is shown by the cyan
dashed line in Fig. 5.
The resulting sensitivity of joint e-ASTROGAM
+Fermi/LAT +CTA observations is shown with dashed
cyan line in Fig. 5 (right panel). As expected, the pos-
sibility to probe Ecr values down to ∼ 0.1 MeV results
in the extension of the sensitivity range to the masses
ma ∼ 10−11 eV for the same level of the coupling g. Ex-
tension of the data to TeV energies expected with CTA
allow to extend the exclusion region to ma ∼ 10−7 eV.
Such extension is particularly important since it will
3 See e.g. e-ASTROGAM website
8probe a part of the ALP dark matter parameter space. It
will also completely cover the range of ma, g parameters
in which the ALP-photon conversion could increase the
transparency of the Universe for very-high-energy γ-rays
[26].
The ALP search method based on photon-ALP conver-
sion in the Perseus cluster is complementary to another
method which will be used by CTA: measurement of the
increase of transparency of the Universe to γ-rays from
high-z Bl Lacs [25]. Fig. 5 (right panel) shows a compari-
son of the sensitivities of the two methods. One could see
that the sensitivity of the search using particular source,
NGC 1275 in Perseus cluster, is superior to that of the
search based on distant BL Lacs, because of the prox-
imity of NGC 1275 / Perseus cluster pair and because
of the better knowledge of magnetic field properties in
the cluster. Nevertheless, better constraints on galaxy
cluster / galaxy group environments of γ-ray blazars and
radio galaxies might result in a significant improvement
of the sensitivity, extending the analysis presented in this
paper to other nearby radio galaxies and blazars.
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